Progressive osseous heteroplasia (POH) is a rare developmental disorder of heterotopic ossification (HO) caused by heterozygous inactivating germline mutations in the paternal allele of the GNAS gene. Interestingly, POH lesions have a bewildering mosaic distribution. Using clinical, radiographic, and photographic documentation, we found that most of the 12 individuals studied had a lesional bias toward one side or the other, even showing exclusive sidedness. Most strikingly, all had a dermomyotomal distribution of HO lesions. We hypothesized that somatic mutations in a progenitor cell of somitic origin may act on a background of germline haploinsufficiency to cause loss of heterozygosity at the GNAS locus and lead to the unilateral distribution of POH lesions. Taking advantage of the chick system, we examined our hypothesis by mimicking loss of heterozygosity of GNAS expression using dominant-negative GNAS that was introduced into a subset of chick somites, the progenitors that give rise to dermis and muscle. We observed rapid ectopic cartilage and bone induction at the axial and lateral positions in a unilateral distribution corresponding to the injected somites, which suggests that blocking GNAS activity in a targeted population of progenitor cells can lead to mosaic ectopic ossification reminiscent of that seen in POH.
Introduction
Progressive osseous heteroplasia (POH; OMIM 166350) is a rare genetic condition of progressive heterotopic ossification (HO) that begins with cutaneous and subcutaneous ossification in infancy and progresses in childhood to involve deep connective tissues, including skeletal muscle and fascia (1) . Eventually, extensive HO in the soft tissue leads to loss of mobility of affected areas (2) . Most cases of POH are caused by heterozygous inactivating mutations in the paternally inherited allele of GNAS. The GNAS gene is a transcriptionally complex locus that encodes several transcripts, including Gsα, the most abundant product (3) . Gsα is the α subunit of the stimulatory G protein, a protein associated with GPCRs (1, 4) . Patients with POH have various heterozygous frameshift mutations that lead to inactivation of this protein (5) . As a result of reduced Gsα levels, less adenylyl cyclase is activated upon ligand binding to receptors, leading to a reduced level of cAMP (5) (6) (7) . Unlike other GNAS-inactivation disorders of HO, POH occurs in the absence of hormone resistance and multiple features of Albright hereditary osteodystrophy (AHO), including obesity (4, 8) .
Although diagnostic criteria have been proposed (4), the extent and patterns of HO lesions in POH have not been characterized. In this study, we describe the mosaic distribution of patient lesions and show that they lateralized in a striking dermomyotomal pattern. Our observations that POH lesions were often lateralized and did not cross the midline suggested that the affected tissues are derived from a common progenitor cell population. This unique pattern of HO distribution led us to hypothesize that the common progenitor cell might be somitic in origin.
The somite is a transient mesoderm-derived structure formed during embryogenesis that contains the progenitors of dermis, muscle, and bone (9) . The somite is first formed as an epithelial sphere from the unsegmented mesoderm that lies laterally to the neural tube. As development proceeds, ventral cells of the somite become de-epithelialized and form the sclerotome, which gives rise to the cartilage and bone of the vertebrae and ribs. Dorsal cells of the somite remain epithelialized, and are designated as the dermomyotome. Eventually, the dermomyotome is separated into the dermatome and the myotome, which form the dermis of the trunk and the muscle of the trunk and limbs, respectively (9, 10) .
The identity of the somite is tightly controlled (11, 12) . Earlyformed somites give rise to progenitors of the dermis and musculoskeletal structures at the cervical spine level, while later-formed somites give rise to more posterior skeletal structures at the thoracic and lumbosacral levels. Therefore, tissues of the body wall at each axial level arise from descendants of a subset of somite progenitors. After the initial specification, the somitic cells continue to remain as a clearly defined group in the trunk with very little mixing from adjacent somites (13) . Trunk neural crest cells migrate laterally between these structures, forming a segmented arrangement of the spinal nerves (14) . Accordingly, the somitic progenitor cells give rise to tissues that follow the horizontal stripes of the trunk of the body, which are also referred to as dermomyotomes in clinical analysis (15) .
We hypothesized that GNAS inactivation in a subpopulation of somite progenitor cells during embryogenesis would result in a mosaic distribution of subcutaneous ectopic cartilage and bone formation in the progeny of these affected cells. The chick embryo system allows the flexibility of introducing genes at specific locations and developmental stages (16) ; thus, we tested this hypothesis by introducing a dominant-negative GNAS mutant (referred to herein as DN-GNAS) into a subset of chicken somites that give rise to structures at the lumbosacral level. Our data revealed that DN-GNAS expression in vivo induced rapid ectopic cartilage growth that protruded outward from the skin, as well as ossification in localized areas independent of existing skeletal elements. The phenotype was only observed on the injected side and at the expected lumbosacral axial level, exhibiting unilateral distribution and supporting the notion of a localized effect of GNAS inactivation.
Results

POH patients exhibit sidedness of HO lesions with a dermomyotomal distribution.
We evaluated 12 consecutive patients with POH who had severe musculoskeletal complaints with joint involvement that limited activities of daily living. All patients had GNAS mutations, except patients 1 and 2 (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/ JCI69746DS1). The number and location of regional body areas affected by HO were determined in order to assess the presence of preferential sidedness ( Figure 1 ). 10 of 12 patients (83%) had a lesional bias toward either the left (n = 6, patients 1-6) or the right (n = 4, patients 9-12) side. 7 of the 12 patients (58%; patients 1-4 and 10-12) showed exclusive lateralization, in which the extent of HO lesions never crossed the midline ( Figure 2 ). Based on direct observation, plain radiographs, CT scans, and clinical photographs, we characterized the distribution of lesions by plotting them onto surface body maps. The pattern of lesion extension followed a dermomyotomal distribution ( Figure 3 ). Most lesions did not cross the midline, but when they did, they continued along the same or adjacent dermatomes (e.g., patients 6-9; Figure 3 ).
Ectopic expression of DN-GNAS in adipose-derived stromal cells leads to increased mineralization. This unique pattern of dermomyotomal distribution in POH patients suggested that GNAS inactivation in a subpopulation of somite progenitor cells during embryogenesis would result in a mosaic distribution of subcutaneous ectopic cartilage and bone formation in the progeny of these affected cells. To test this hypothesis, we first selected a mutant form of GNAS that acts in a dominant-negative manner and thus causes a dramatic reduction of cAMP levels. G proteins form a heterotrimeric complex consisting of 3 subunits: α, β, and γ. Upon ligand binding to a GPCR, Gsα becomes activated, as it dissociates GDP and binds to GTP, an event that induces adenylate cyclase, which converts ATP to cAMP (17) . We characterized a mutant construct of GNAS, GNAS-long-Q227L/D295N, where double amino acid changes (glutamine [Q] to leucine [L] and aspartate [D] to aspara-gine [N]) resulted in a high affinity for GDP as well as a marked reduction in GTPase activity, thereby inhibiting signaling downstream of the GPCR (17) . Thus, these mutant proteins should behave in a dominant-negative manner by competing with endogenous GNAS and blocking its function (18) (19) (20) . As it is not clear which GPCRs mediate the signaling that causes the POH phenotype, we tested the effect of this mutant using prostaglandin 1 (PGE1), which acts through GPCRs, as an established reagent to raise cAMP level (21) . Transfection of GNAS-long-Q227L/D295N strongly prevented PGE1-mediated cAMP induction (Supplemental Figure 1 ). Furthermore, transfection of GNAS-long-Q227L/ D295N in the presence of forskolin, a reagent that induces cAMP independently of a GPCR (22) , did not prevent cAMP induction (data not shown). Together, these results indicated that GNASlong-Q227L/D295N inhibits GPCR-mediated signaling at the receptor level by acting in a dominant-negative fashion. Hence, GNAS-long-Q227L/D295N, which we termed DN-GNAS, was used for our subsequent experiments.
Figure 1
Lateralization of POH lesions. The number of affected anatomic sites was scored as the presence of HO in any of 30 regional body areas. Patients are ranked in order of percent sidedness, from the leftmost to the rightmost. Note the exclusive lateralization in 7 of the 12 patients (83%) examined.
Figure 2
Sidedness in POH. Left-sided lesions of HO on the head, face, chest, and abdomen of patient 5 did not cross the midline.
Because POH lesions have been observed to initiate in the dermal and subcutaneous fat (1), we directly assessed whether DN-GNAS could cause increased mineralization in chicken adipose-derived stromal cells cultured in DMEM with 10% FBS. Consistent with reduced cAMP levels, DN-GNAS inhibited the expression of PPARG in in vitro-cultured cells ( Figure 4A ). DN-GNAS led to a significant increase in the mRNA expression of the early bone marker alkaline phosphatase (ALPL) in these cells at day 5, which correlated with ALPL activity; no differences in ALPL mRNA expression in day 7 and 14 cultures were detected ( Figure 4 , A and B). Consistent with ALPL expression at day 5, we observed a strong increase in Alizarin red staining at day 14 ( Figure 4C ). As these adipose-derived stromal cells were grown in standard growth media, this result suggests that DN-GNAS is sufficient to promote osteogenesis and mineralization, even in the absence of osteogenic induction factors.
Expression of DN-GNAS in somites induces unilateral outgrowth of ectopic skeletal elements at the respective axial levels. To determine whether inactivation of GNAS-mediated signaling in a subset of somite progenitor cells leads to ossification in a spatially restricted manner, we injected retroviruses encoding DN-GNAS into 4 consecutive caudal somites that lie on one side of the neural tube in 2.5-day-old chick embryos (Supplemental Figure 2A ). We chose this stage (stage 17) because no endogenous (skeletal) ossification has yet taken place, allowing sufficient time for the virus to act on somite progenitor cells during cartilage and bone formation (16, 23) . During embryonic development, the caudal somites of stage-17 embryos give rise to dermis, muscle, and bone tissues of the trunk at the lumbosacral level as well as the limb (11, 12) .
The effect of ectopic expression of DN-GNAS was examined after 10 days of in ovo incubation after somite injections. All embryos injected with control GFP retrovirus (n = 17) showed a limited unilateral GFP protein distribution in the trunk and limbs at the expected axial level and had no anatomical defects (Supplemental Figure 2 , B and C). We found that 16 of 19 DN-GNAS-injected embryos showed a "hardened ridge," which gave a shiny appearance to the skin surface and was devoid of feathers ( Figure 5 , A and B). The outgrowth was evaluated histologically by H&E staining and was found to consist of a skeletal-like structure that was contiguous with the pelvic girdle and extended to the epidermal layer of the skin. No apparent dermal or epidermal structures, including feather buds, were present at that location ( Figure 5C ). The uninjected contralateral side showed normal dermal and skel-
Figure 3
Dermomyotomal distribution of HO in POH. Stippled areas depict lesion formation along the indicated dermomyotomes of patients 1-12. F, female; M, male.
etal structures ( Figure 5C ). Pan-keratin, an epithelial cell marker, showed the expected continuous expression in the skin of the uninjected side, while DN-GNAS injection caused a complete loss of pan-keratin expression at the skeletal-like outgrowth ( Figure  5D and ref. 24 ). Alcian blue staining indicated that the outgrowth was cartilaginous ( Figure 5E ). Immunohistochemistry using an antibody against the viral coat protein GAG indicated that the virus had caused widespread infection in the injected side, with stronger staining present in the soft tissues surrounding the cartilage element ( Figure 5F ). These observations suggest that DN-GNAS inhibits the epidermal or dermal cell fate in cells adjacent to the ectopic cartilage tissue, but does not directly activate the chondrogenic program in these cells.
Ectopic expression of DN-GNAS induces HO. The finding of excess cartilage growth of the pelvic girdle in GNAS-injected embryos prompted us to perform Alcian blue staining analysis on the entire animal. To visualize the distribution of the injected viruses, GFP virus was coinjected with DN-GNAS. We found that DN-GNAS induced substantial thickening of the ribs and pelvic girdle ( Figure  6A ), corresponding to the area of DN-GNAS virus expression (18 of 19 embryos). To visualize mineralization, we included Alizarin red along with Alcian blue in our staining solution and found cartilaginous nodules in already-mineralized tissues ( Figure 6 , B and C), suggestive of delayed or altered endochondral ossification. In addition, we observed thickened mineralized tissues in response to DN-GNAS ( Figure 6C) , consistent with the observed thickened cartilage template.
The mineralization pattern of the embryos was confirmed by μCT analysis (Figure 6 , D-F). DN-GNAS injection clearly showed rib abnormalities that ranged from impaired ossification ( Figure  6E ), which corresponded to enhanced Alcian blue staining, to increased thickness and irregularity of mature rib bones ( Figure   6F ). It is possible that phenotype variation with respect to degrees of mineralization at the time of harvest is due to embryos that might be at slightly different stages in development when DN-GNAS was injected or that they exhibited variable growth rates. Thus, the embryo shown in Figure 6F might be slightly more mature at the time of harvest, giving the expanded cartilage tissue sufficient time to become mineralized bone.
In addition to the rib phenotype, we observed distinct islands of HO between the skeletal elements and in the muscle of the hindlimb (Figure 7 , A-C). μCT images also identified multiple areas of heterotopic bone in the area around the pelvic girdle ( Figure 7 , D and E). H&E staining showed that this ectopic mineralized zone was independent of preexisting skeletal elements, and no remnants of cartilage matrix were present ( Figure 7F ). At this stage of embryonic development, cartilage matrix should not be completely absent if the ossification process uses an endochondral ossification mechanism; therefore, the absence of cartilage matrix in the mineralized tissue supports the notion that the observed HO was formed by intramembraneous ossification.
Discussion
POH criteria redefined. POH, a rare autosomal-dominant disease associated with inactivation of GNAS, is characterized by infantile ectopic bone formation in the dermis, which progresses into the deep connective tissue and skeletal muscle during childhood (1, 2, 5) . Histological analysis revealed that the HO in the dermis is closely associated with subcutaneous adipose tissue and can arise by intramembranous ossification, endochondral ossification, or both (1, 4, 5) . We previously established diagnostic criteria for POH to include the presence of superficial HO that progresses to deeper tissues in the absence of multiple other AHO features and without hormone resistance (4) . It is important to note that while progressive deep HO is an obligate feature of POH, even superficial HO is a variable feature of AHO, with some but not all patients with AHO/pseudopseudohypoparathyroidism presenting with HO. In this study, we provide evidence that supports refinement of diagnostic criteria for POH to include progressive HO along a predominantly dermomyotomal distribution that often has a lateralization bias.
Mosaicism in POH. Despite the association of germline GNAS mutation with POH, the resulting HO that defines this disease manifests in a mosaic pattern. Mosaicism has been described in many monogenic skin disorders and occurs in various patterns, with and without lateralization (25) . For example, epidermolytic hyperkeratosis (EHK), a disease characterized by patches of red skin and blistering, has been shown to exhibit mosaicism in the skin along Blaschko's lines, which are V-shaped patterns along the middle back that are believed to trace pathways of the migration of ectodermal cells during development (26, 27) . As another example, cutaneous periarticular ossification in melorheostosis can occur in a mosaic distribution and may be related to originating in a corresponding myotome (28) . With respect to POH, HO in the dermis shows a seemingly random distribution of affected areas. We have characterized the mosaic distribution of lesions in POH and found that affected areas of heterotopic bone lateralized in a distinct dermomyotomal pattern that is present in very few conditions. In some patients, dermomyotomal distribution was partial, which suggests that lesion progression was incomplete or delayed at the time of presentation. Despite these observations, the manner in which this mosaicism occurs with regard to the associated GNAS mutation is currently unclear.
Pathogenesis of POH and relation to GNAS. Heterozygous Gsαspecific exon 1 inactivation of Gnas in a mouse knockout model manifests as subcutaneous HO by an intramembranous process (29) . While this model successfully demonstrates HO in the dermis, the lesions do not progress into deeper tissues, nor do they develop in the unique pattern we observed in POH patients in the present study. A possible explanation is that the modulation of GNAS expression levels may be critical to set the threshold for disease initiation. As such, the pathophysiology of GNAS inactivation leading to POH could plausibly behave in a manner similar to that of a tumor suppressor gene, with one inactivated allele insufficient to cause HO but a "second hit" enabling the process.
The etiology of classical genetic mosaicism is the presence of at least 2 genotypically different cell populations derived from a single zygote (30) , which result from mutation during development and are retained by a finite number of cells in the postnatal state. Possible mechanisms include the presence of somatic mutations or random inactivation of the second GNAS allele in progenitor cells, a de novo mutation in a gene that normally functions in a GNAS-interacting pathway, or epigenetic changes in somatic cells. Revertant mosaicism in uninvolved dermomyotomes, or in patients with GNAS mutations and no apparent or very limited disease, cannot be excluded. Although the distribution of POH lesions was reminiscent of those found in herpes zoster, by clinical criteria, it is unlikely that viral reactivation serves as a precipitating event in HO formation. However, this does not rule out the possibility of peripheral nerve or nerve root involvement in POH.
Widespread monoallelic expression has recently been described and invokes the possibility that gene inactivation may occur via nonmutational mechanisms (31) . Random inactivation of GNAS has been reported in tissues where it is biallelically expressed, and thus mosaic distribution of lesions could result from random GNAS inactivation in target stem cells (32) . Such random inactivation could lead to a random distribution of disease-related lesions if target stem cell number was high; however, if relevant stem cells were rare, then random inactivation of a putative gene might lead to a nonrandom distribution, as in POH.
Most POH patients have an average age of onset less than 1 year; however, a subset of patients have much later ages of onset, ranging 4-30 years (4), which suggests that the timing of a potential second hit is variable. This does not exclude the possibility that concomitant epigenetic and/or environmental factors also play a role in clinical heterogeneity. For example, we cannot exclude a role for factors that may trigger secondary changes in stem cells (such as viral infection or trauma); however, such intercurrent events, at least during very early development, usually lead to more severe (multisystem) morphogenetic defects or embryopathy (33) . In McCune-Albright syndrome, in which variable combinations of fibrous dysplasia of bone, endocrine hyperfunctioning, and skin hyperpigmentation are caused by activating mutations in GNAS, the timing of a second mutation and the location of target stem cells may dictate the severity and tissue specificity, respectively, of disease (32) . Similarly, in POH, the timing of a second hit to a stem cell (or niche cell that interacts with a stem cell) and the location of that stem or niche cell may also dictate the respective severity and tissue specificity of disease. 
Potential progenitor cells involved in POH.
It is still unclear which cells give rise to heterotopic bone in POH. The lateralized dermomyotomal distribution of POH lesions suggests the involvement of an affected early mesenchymal progenitor cell, neural crest-derived precursor, or niche cell/stem cell interaction. Based on the specific location of the bone-forming lesions, we hypothesized that these cells may be derived from the somites. Our data showed that somite-derived cells, including dermomyotomal cells and sclerotomal cells, could support heterotopic bone formation. However, we cannot exclude the possibility that alternative or additional progenitor cells may contribute to HO in POH patients. Consistent with this idea, extraskeletal ossification in the subcutis and skeletal muscles was observed in conditional knockout mice in which Gsα was deleted in all tissues expressing renin, which includes renal and selected blood vessels (34) ; however, this model also failed to demonstrate progressive and lateralized HO formation. Due to the close association of subcutaneous fat with heterotopic bone, multipotent adipose-derived stromal cells may play an important role in this process, either serving as a progenitor cell population or providing a favorable niche to support ossification. In fact, mouse adipose-derived stromal cells with haploinsufficiency of GNAS showed a higher tendency to become osteogenic and a lower potential for adipogenesis (8, 29) . Here we found that chicken adipose-derived stromal cells infected with a dominant-negative form of GNAS also showed a preference for mineralization over an adipogenic fate, consistent with prior studies.
A novel chick embryo model of POH with unilateral dermomyotomal distribution of HO. For in vivo studies, we used the chick embryo system, which allows for gene manipulation at specific locations and developmental stages without necessarily compromising the mortality of the organism. This novel model of POH circumvented potential issues with current mouse models. For example, we were able to abrogate GNAS signaling in a specific subset of progenitors as opposed to using models with haploinsufficient GNAS expression. In this way, we essentially mimicked loss of heterozygosity of GNAS expression, or created a second hit, by using DN-GNAS. Furthermore, in addition to Gsα, several other transcripts are encoded by the GNAS locus, including an extra-long form of Gs protein, XLαs, as well as NESP55 and a noncoding sequence 1A (1, 6, (35) (36) (37) . Mutations in these genes, depending on the parental origin of the mutant allele, give rise to a spectrum of bone and endocrine phenotypes (1, 37, 38) . One confounding aspect of POH is that GNAS is an imprinted gene; more specifically, POH is associated with GNAS inactivation of the paternal allele (1, 2) . Our DN-GNAS functioned to block the activity of endogenous GNAS, regardless of the parental origin of the endogenous GNAS transcript. In addition, DN-GNAS should inhibit not only Gsα activity, but also that of XLαs, as the same receptors that signal via XLαs would also be blocked by DN-GNAS (37) .
We found that GNAS inactivity caused dramatic HO in a mosaic distribution when DN-GNAS was expressed in early somite progenitors. These progenitors, derived from either sclerotome or dermomyotome, have previously been shown give rise to the der- areas: face/head, neck, right shoulder, left shoulder, right arm (proximal), left arm (proximal), right elbow, left elbow, right forearm, left forearm, right wrist, left wrist, right hand, left hand, chest, abdomen, back, buttocks, right hip, left hip, right thigh, left thigh, right knee, left knee, right leg, left leg, right ankle, left ankle, right foot, and left foot.
HO involvement was plotted onto body maps from information provided by direct observation, plain radiographs, CT scans, and clinical photographs. These body maps included lines depicting dermomyotomal distributions.
Generation of GNAS constructs. A mutant construct of GNAS, GNASlong-Q227L/D295N, was purchased from University of Missouri cDNA Resources Center. The insert of GNAS-long-Q227L/D295N was excised by HindIII and XbaI from pcDNA3.1 and cloned into Slax13 shuttle vector (47) that was also cut by HindIII and XbaI. Subsequently, the GNAS mutant form was excised from Slax13 by ClaI digestion, which was then cloned into avian retrovirus vector RCAS (23) . Viruses, including the control GFP virus, were produced according to the standard protocol (23, 48) and were titered by indirect immunocytochemistry using antiviral coat protein GAG antibody. All viruses used reached a titer of 10 8 particles/ml.
Adipose-derived stromal cell culture. White leghorn chicken eggs were obtained from Hy-Line International. Adipose-derived stromal cells were obtained from the pectoral fat pad based on established methods (49, 50) . Briefly, pectoral fat pads of day-17 chicken embryos were excised, washed, minced, subjected to Pronase treatment (1 mg/ml in PBS) for 40 minutes at 37°C, centrifuged, and resuspended in PBS. The cell suspension was then filtered through a 40-mM cell strainer (BD Biosciences) and centrifuged, and cells were resuspended in DMEM with 10% FBS for subsequent culturing.
cAMP assay. cAMP assays were performed using the Promega cAMP assay kit, cAMP-Glo. Briefly, 293T cells were transfected with pCDNA3 GNAS mutant constructs or GFP control (0.05 μg/well in 96-well plates) using Fugene6 transfection reagent (Roche). 24 hours after transfection, PGE1 (Sigma-Aldrich) was added to the cells at various concentrations. Cells were lysed to release cAMP, then PKA was added. The PKA reaction was detected via a luciferase reaction, where luminescence was correlated to cAMP concentrations following a standard curve.
Embryonic somite injection. Embryonic somite injection followed established protocols (23) . Hamburger Hamilton Stage 17 (60 hours of incubation) chicken embryos (White Leghorn chicken eggs; Hy-Line International) were used. Briefly, an opening was made in the eggshell to reveal the living chicken embryo. Fast green dye (1 μl) was added to a 10-μl aliquot of virus, and the mixture was injected into the lumen of newly formed somites (4 caudal somites) using a micromanipulator (Parker Picospritzer II). GFP-expressing virus was coinjected for the purpose of tracking infected cells. GFP and DN-GNAS were encoded by RCAS retroviruses of 2 different coatings (RCAS-B and RCAS-A, respectively) so that they could be expressed in the same cell. After the operation, the window of the eggshell was sealed with transparent tape, and the embryos were incubated at 37°C for 10 days before processing and fixation for histological and μCT analyses.
Histological analysis. Embryos were fixed in 4% paraformaldehyde for histological staining of whole-mount and sectioned embryos. Frozen tissue sections (serial sections, 10 μm) were obtained using a cryostat (Microm HM560). For paraffin tissue sections, samples were dehydrated in graded ethanol solutions, cleared with xylene, embedded in paraffin, and sectioned (5 μm) for histological staining. Alcian blue and Alizarin red staining for whole-mount tissues and sections were performed using standard procedures. For immunohistochemistry, sections were incubated with primary antibodies overnight and with secondary antibodies for 4 hours. Mouse antibody against virus coat protein GAG (Developmental Studies Hybridoma Bank) and rabbit anti-pan keratin antibody (a gift from the J. mis, muscle, and bone of the trunk as well as limb musculature through lineage tracing studies (9, 10) . Accordingly, DN-GNASinduced HO lesions occurred only at the corresponding axial and lateral positions in these somite-derived tissues. It is important to note that in the human condition of POH, HO first originates in the dermis, then spreads to deeper tissues, such as the muscle and adjacent cartilage and bone. Because our method likely delivers DN-GNAS to progenitors of all of these cell types simultaneously, we could not ascertain whether HO progressed from a particular tissue to another. Nevertheless, these results indicate that inhibiting GNAS activity in a subset of progenitor cells can lead to mosaic distribution of heterotopic cartilage and bone formation, thus supporting the clinical findings in POH patient studies and providing functional relevance for GNAS inactivation in a population of progenitor cells relevant to the pathophysiology of the disease.
Further study of GNAS-mediated signaling. GPCRs mediate multiple signaling pathways that play important roles in regulating bone formation. One example is the parathyroid hormone receptor (PPR), the receptor for PTH and PTHrP (39) . Indeed, Gsαknockout mice phenocopy the PPR-null mouse with regard to regulating chondrocyte hypertropic differentiation (40) . However, chondrocyte-specific Gsα knockouts also exhibit ectopic cartilage formation in the diaphysis underneath the cortical bone, which was not observed in the PPR-knockout mouse (41) . This observation suggests that Gsα may signal from other receptors involved in bone formation. Smoothened and Frizzled are examples of GPCRs involved in cartilage and bone formation, serving as the receptors for hedgehog and Wnt proteins, respectively (42-46).
Our model system thus sets the stage for in vivo testing of potential roles for other candidate pathways involved in mosaicism and heterotopic bone formation in POH development and helps establish mechanistic insight into this devastating disease.
Methods
Patient criteria. We reviewed the charts of 12 consecutive individuals with severe POH who had lost the mobility of at least 1 joint as a result of the condition. We chose subjects with at least 1 immobilized joint because less advanced cases would not have permitted evaluation of the extent in distribution and pattern of HO. All patients presented to the University of Pennsylvania Orthopaedic Surgery Outpatient Clinic and met diagnostic criteria for POH, which included the presence of superficial HO in infancy that progressed to deeper tissues during childhood, in the absence of multiple other AHO features and without hormone resistance. Patients ranged 3-43 years of age at the time of their last clinical evaluation.
Mutation analysis of the patients. Genomic DNA was isolated from blood or lymphoblastoid cell lines (LCLs) using DNA blood-isolation reagents (QIAamp; Qiagen). If sample size was small, total genomic DNA was amplified with the Qiagen Repli-g Kit. GNAS mutation analysis was conducted by PCR amplification of genomic DNA using oligonucleotide primers (Sigma-Genosys) flanking each of the 13 exons of human GNAS, as previously described (3) . Amplified samples were electrophoresed through 1% agarose gels, stained with ethidium bromide (1 μg/ml), and purified using the Qiagen Gene Clean Kit. Eluted products were sequenced by the DNA Sequencing core facilities of the University of Pennsylvania.
Evaluation of clinical features. The mosaic distribution of HO lesions was recorded for each patient using clinical (physical examination), radiographic, and photographic documentation.
The extent and lateralization of HO lesions were scored as the number of involved regional body areas localized to the left or right of midline. The presence of HO was documented for each of the following 30 regional body mined by 1-factor ANOVA with post-hoc Tukey test using the statistics software SYSTAT12 (Systat). Conclusions of altered gene expression (such as upregulation and downregulation) were based on statistical analysis. A P value less than 0.05 was considered significant.
Study approval. Patient informed consent was obtained under a protocol approved by the IRB of the University of Pennsylvania.
Schwob laboratory, Tufts University, Boston, Massachusetts, USA) were used. Alexa 594 (Invitrogen) was the secondary antibody. ALPL activity assay was detected by a BCIP and NBT assay (Roche).
RT-PCR analysis. Total RNA was isolated using the RNeasy Mini kit according to the manufacturer's protocol. For RT-PCR, cDNA was mixed with gene-specific primers, quantified using BioRad's iQ5 Real Time PCR Detection system and optical software, and normalized against the housekeeping gene GAPDH. Primer sequences were as follows: PPARG forward, 5′-TGGACAAGGATTCATGACACGGGA-3′, PPARG reverse, 5′-ACAAACCTGGGCGATCTCCACTTA-3′; ALPL forward, 5′-AACCGTGACTGGTACTCAGATGGA-3′, ALPL reverse, 5′-TCACCTCGATGTCAGGGATGTTCT-3′; GAPDH forward, 5′-CCT-GCTGCCTAGGGAAGC-3′; GAPDH reverse, 5′-CAGATCAGTTTCTAT-CAGCCTCT-3′.
Microscopy. Brightfield and fluorescent images from histological and immunocytochemistry analyses were obtained with an Olympus IX71 inverted microscope and a Leica dissection microscope using an Olympus DP70 digital camera and associated software (Olympus).
For histological analysis of HO, regions of interest were visualized using a Nikon Eclipse 90i microscope and ×4 and ×20 objectives for H&E staining. Image capture was performed using NIS Elements Imaging Software 3.10 Sp2 and a Photometrics Coolsnap EZ camera.
μCT analysis. High-resolution cross-sectional images of whole chick embryos were obtained using Scanco VivaCT 40 (Bruettisellen). Embryos were scanned using a source voltage of 55 kV, source current of 142 μA, and isotropic voxel size of 10.5 μm. A 3D image of the whole embryo was then reconstructed from the cross-sectional images using Scanco μCT V6.1 software. Bone was differentiated from non-bone by an upper threshold of 105 Hounsfield units and a lower threshold of 60 Hounsfield units.
Statistics. All data are expressed as mean ± SD. At least 3 independent experiments were performed, and at least 3 independent samples or slides were analyzed per experiment. Significance of differences were deter-
